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ABSTRACT
This paper argues that the Milky Way galaxy is probably the largest member of the
Local Group. The evidence comes from estimates of the total mass of the Andromeda
galaxy (M31) derived from the three dimensional positions and radial velocities of
its satellite galaxies, as well as the projected positions and radial velocities of its
distant globular clusters and planetary nebulae. The available dataset comprises ten
satellite galaxies, seventeen distant globular clusters and nine halo planetary nebulae
with radial velocities. We find the halo of Andromeda has a mass of ∼ 12.3+18
−6 ×
1011M, together with a scalelength of∼ 90 kpc and a predominantly isotropic velocity
distribution. For comparison, our earlier estimate for the Milky Way halo is 19+36
−17 ×
1011M. Though the error bars are admittedly large, this suggests that the total mass
of M31 is probably less than that of the Milky Way. We verify the robustness of our
results to changes in the modelling assumptions and to errors caused by the small size
and incompleteness of the dataset.
Our surprising claim can be checked in several ways in the near future. The num-
bers of satellites galaxies, planetary nebulae and globular clusters with radial velocities
can be increased by ground-based spectroscopy, while the proper motions of the com-
panion galaxies and the unresolved cores of the globular clusters can be measured using
the astrometric satellites Space Interferometry Mission (SIM) and Global Astrometric





< 50 kpc with both radial velocities and proper motions, it will be possible
to estimate the mass within 50 kpc to an accuracy of ∼ 20%. Measuring the proper
motions of the companion galaxies with SIM and GAIA will reduce the uncertainty
in the total mass caused by the small dataset to ∼ 22%.
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1 INTRODUCTION
The aim of this paper is to obtain an accurate estimate of
the total mass of the halo of the Andromeda galaxy (M31).
The best probes of the mass distribution at large distances
are the satellite galaxies and the distant globular clusters.
The gas rotation curve can only be tracked out to ∼ 30 kpc
(e.g., Roberts & Whitehurst 1975, Hodge 1992), and so – as
is the case for the Milky Way – the most substantial clues
as to the large-scale mass distribution come from statistical
analyses of the satellite kinematics.
The Local Group has two prominent subgroups of satel-
lites centered on its two largest members, the Milky Way
and the Andromeda galaxies (e.g. van den Bergh 1999a).
A number of authors have already studied the problem of
estimating the mass of the Milky Way from its satellite sub-
group (e.g., Little & Tremaine 1987; Kulessa & Lynden-Bell
1992; Kochanek 1996). The most recent estimate by Wilkin-
son & Evans (1999, hereafter WE99) found a total mass of
∼ 1.9×1012M and an extent of ∼ 170 kpc. By contrast, un-
til recently, the companion problem of estimating the mass
of the Andromeda galaxy from its satellite subgroup has re-
ceived hardly any attention. Hodge (1992) lists a number
of determinations of the mass of M31, but almost all use
either the optical and radio rotation curves (e.g., Rubin &
Ford 1970) or the inner globular clusters (e.g., Hartwick &
Sargent 1974; van den Bergh 1981) and so are really mea-
surements of the mass within ∼ 30 kpc. Recently Courteau
& van den Bergh (1999) estimated the mass of the M31 halo
using only seven satellite galaxies. An analysis of all avail-
able data on objects outside ∼ 20 kpc has not been carried
out to date.
It is especially timely to look at the problem of de-
termining the mass and the extent of the Andromeda halo
now. First, the last few years have seen the discovery of a
number of faint dwarf spheroidal companions of Andromeda
(see e.g. Armandroff & Da Costa 1999) as a result of two on-
going surveys of the sky around Andromeda. To date, one
of these surveys (Armandroff & Da Costa 1999) has cov-
ered 1550 square degrees while the second (Karachentsev &
Karachentseva 1999) has scanned a circular area of radius
22 degrees centred on M31. The quantitative completeness
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limits of these surveys are not yet available. Armandroff &
Da Costa (1999) claim that their detection of And V with
absolute MV ∼ −10.2 is highly significant and maintain that
they have the sensitivity to detect still fainter objects, such
as dwarf spheroidals withMV ∼ −8.5. Complementing these
programmes are the ongoing radial velocity surveys of M31
globular clusters (Perrett et al. 1999) and halo planetary
nebulae (Ford et al. 1989). The dataset is likely to increase
substantially in richness over the next few years, suggesting
that more detailed models of the dynamics of the outer parts
of M31 are warranted. Second, a number of groups are con-
ducting pixel lensing experiments towards Andromeda (e.g.,
Crotts & Tomaney 1996; Kerins et al. 2000). The lenses may
lie in the halos of the Milky Way and M31, as well as the
disk of the Milky Way and the bulge and disk of M31. For-
tunately, there is a possible diagnostic of microlensing by
M31’s halo. As the galaxy is highly inclined, lines of sight to
the far side pass through more of the M31 halo than those
to the near side (Crotts 1992; Kerins et al. 2000). However,
the amplitude of this near-far disk asymmetry depends on
how extensive and massive the halo of Andromeda really is
(Evans & Wilkinson 2000).
In Section 2, we outline the properties of our halo model,
deriving both projected properties and simple distribution
functions (DFs). Section 3 describes our models for the satel-
lite galaxies, the globular clusters and the planetary nebulae,
as well as the available dataset. In Section 4, the mass es-
timator algorithm of Little & Tremaine (1987) is adapted
to the case when only projected data are available. For the
satellite galaxies, the three dimensional position with re-
spect to Andromeda’s centre and the line of sight velocities
are known. For the globular clusters and halo planetary neb-
ulae, only the projected positions and line of sight velocities
are available. The next two sections present our analysis of
the data and estimates of the mass and extent of the An-
dromeda galaxy halo, together with the errors caused by
incompleteness and small number statistics. In Section 7,
we summarise our conclusions and describe the prospects
for the future.
2 A MODEL OF THE ANDROMEDA HALO
2.1 The Density and Projected Mass
A simple representation of the Andromeda halo has a
roughly flat rotation curve out to an unknown cut-off. The
TF (or truncated, flat rotation curve) model examined in
detail by WE99 has exactly these properties, as well as the














where M is the total mass of the halo and a is a mea-
sure of the extent. The rotation curve is flat with amplitude
v0 =
√
GM/a in the inner parts. In modelling the halo of
Andromeda, we assume v0 = 240 kms
−1. This gives a circu-
lar velocity of 235 kms−1 at a radius of 30 kpc which is in
agreement with Hodge (1992, chapter 7).
As we observe M31 in projection, it is helpful to have
available the projected properties of our halo model. Mateo
(1998), following Karachentsev & Makarov (1996), estimates
the distance D of M31 as 770 kpc, although there is still
some uncertainty as to this value (c.f. Feast 1999). For an
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The usefulness of our model (1) derives from the fact that







This is the crucial formula for obtaining distribution func-
tions (DFs) which are analytically tractable. This is the
problem to which we now turn.
2.2 The Velocity Distributions
As we wish to be certain of the robustness of our results, we
will analyse the dataset with two different kinds of velocity
distributions. A first possibility is to use the ansatz (e.g.,
He´non 1973, WE99)
















Here, m is an integer whose value is chosen such that the
integral in (6) converges. For such a DF, the velocity disper-
sions 〈v2φ〉 and 〈v2θ〉 are equal, and there is a constant orbital
anisotropy β = 1 − 〈v2θ 〉/〈v2r〉. The properties of these DFs
are discussed fully in WE99.
A second possibility is to assume that the DFs depend
on the binding energy ε and the angular momentum per unit
mass l through the ansatz (Osipkov 1979; Merritt 1985)




where ra is the anisotropy length-scale. These DFs have the
property that for r < ra, the velocity distribution is isotropic
while for r > ra it tends towards radial anisotropy. For any
population with density ρ, the Osipkov-Merritt DF is given
by
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